INTRODUCTION
============

Chronic hepatitis B (CHB) is a major healthcare problem worldwide and a leading cause of liver-related events such as cirrhosis and hepatocellular carcinoma (HCC).[@ref1],[@ref2] Tenofovir disoproxil fumarate (TDF) and entecavir (ETV) are nucleot(s)ide analogues (NAs) with high genetic barriers that are recommended as first-line therapies in patients with CHB.[@ref2],[@ref3] The key safety concern of ETV is its possible carcinogenic potential, based on preclinical rodent studies. An *in vivo* study showed an increased incidence of benign and malignant neoplasms involving a variety of organ sites.[@ref4] But until now, there has been no evidence of increased risk of carcinogenesis in human studies. The advantage of TDF treatment is the lower risk of HBV mutation and superior antiviral efficacy of viral suppression, compared with ETV. Major concerns of TDF treatment are renal adverse events and osteoporosis, although the nephrotoxicity has not been proved clinically significant in patients with the CHB taking TDF, compared with those taking ETV.[@ref5]

TDF's mechanisms of renal toxicity in patients with human immunodeficiency virus (HIV) is thought to be mitochondrial toxicity, especially in the proximal tubule.[@ref6] Toxicity in patients with HIV and CHB manifest as Fanconi syndrome.[@ref6]-[@ref8] The mechanism of ADV nephrotoxicity is also mediated by the mitochondria from proximal tubular cells and manifests as Fanconi syndrome.[@ref9] TDF and ADV also share *de novo* appearance of hypophosphatemia, hypouricemia, proteinuria or glycosuria, and osteomalacia.[@ref10] TDF and ADV are nucleotide analogues with similar structures, and both drugs have similar mechanisms of renal toxicity.

Previous studies on TDF renal toxicity in patients with HIV have shown that TDF renal toxicity needs a long-time interval from the initiation of TDF treatment to appear.[@ref11] In Korea, TDF has been approved for CHB later than in other Western countries, suggesting that there may not be enough time for nephrotoxicity to appear in patients with CHB. Since TDF and ADV share mechanisms and clinical manifestations of nephrotoxicity, we sought to evaluate renal toxicity associated with ADV and TDF versus ETV monotherapy in patients with CHB.

MATERIALS AND METHODS
=====================

1. Patient selection
--------------------

A total of 525 CHB patients treated with TDF between Jan 2008 and December 2013 at a single university hospital (Seoul National University Hospital, Korea) were screened for this study. The inclusion criteria were: (1) age \>18 years; (2) CHB patient treated with ADV, subsequent TDF; and (3) baseline glomerular filtration rate (GFR) \>30 mL/min/1.73 m^2^ and not receiving hemodialysis. The exclusion criteria were: (1) combined ETV-TDF treatment; (2) liver transplant prior and during antiviral treatment; (3) chemotherapy during antiviral treatment; and (4) patients with HIV or hepatitis C virus co-infection. Finally, 87 patients were included in this study, and we designated this group as the ADV-TDF group. A total of 670 patients treated with ETV monotherapy between 2008 and 2013 with the equal inclusion/exclusion criteria for ETV single treatment were screened, we randomly selected 87 patients with the ETV treatment duration matched with combined ADV and TDF treatment duration, and we designated this group as the ETV group ([Fig. 1](#F1){ref-type="fig"}). The study protocol was approved by the Institutional Review Board of Seoul National University Hospital (IRB number: H-1603-065-748), which follows the ethical guidelines of the World Medical Association Declaration of Helsinki. Informed consent was waived because of the retrospective nature of the study.

2. Selection of antiviral therapy
---------------------------------

The indication for antiviral therapy followed Korean reimbursement system, identical with the Korean Association for the Study of the Liver guideline,[@ref12] which also agrees with the recent guidelines of the American Association for the Study of Liver Diseases.[@ref13] Hepatitis B e antigen (HBeAg) positive CHB patients with inflammation and hepatitis B DNA ≥20,000, and HBeAg negative CHB patients with inflammation and hepatitis B DNA ≥2,000 received antiviral treatment, and patients with cirrhosis had less strict standards. Patients treated with ADV based regimens were switched to TDF based regimens when viral suppression was insufficient or switched to TDF monotherapy due to compliance.

3. Assessment of renal function
-------------------------------

GFR was calculated using the Modification of Diet in Renal Disease Study equation as the original study.[@ref14] Serial measurements of GFR, creatinine, and phosphorus were performed as each clinician's decision between 3 to 6 months. Changes of each parameter were measured retrospectively.

Definition of clinical manifestations of nephrotoxicity was defined as: (1) creatinine increase by at least 0.5 mg/dL over from baseline; (2) GFR decrease by at least 25% over from baseline; (3) phosphorus decrease below 2.0 mg/dL with at least 0.5 mg/dL decrease from baseline; (4) chronic kidney disease (CKD)[@ref15] stage 4 development with normal GFR from baseline; and (5) dose reduction of antiviral regimens from baseline.

4. Statistical analysis
-----------------------

To compare baseline characteristics, we used the t-test for continuous variables and the chi-square test for noncontinuous variables. The renal events between the ADV-TDF group and the ETV group were compared using the chi-square test, and for estimation of time factors, the Kaplan-Meier curve with log-rank test for comparison was used. Prognostic factors were evaluated by univariate and multivariate analysis performed by the Cox proportional hazards model. To minimize selection bias, we used inverse probability weighting (IPW). Propensity scores were calculated using generalized boosted regression to predict the probability of each patient receiving ADF-TDF or ETV, using age, sex, diabetes, hypertension, liver cirrhosis, HBeAg seropositivity, and presence of HCC as pretreatment variables. After propensity scores were calculated, the two groups were balanced by means of IPW.

All statistical analyses were performed using SPSS Statistics, version 22.0 (IBM Corp., Armonk, NY, USA) and R Statistical Software 3.1 (R Foundation for Statistical Computing, Vienna, Austria), and a two-sided p-value \<0.05 was considered statistically significant.

RESULTS
=======

1. Baseline characteristics
---------------------------

We selected 87 patients in the ADV-TDF group from a single center using the inclusion/exclusion criteria. Baseline characteristics were collected at the time of starting ADV treatment, patients were male predominant (65.5%), and most patients had HBV mutation at baseline (98.8%) ([Table 1](#T1){ref-type="table"}). The mutations were mostly lamivudine-associated mutations (n=84, 96.6%), and only one patient (1.1%) had ADV-associated mutations. At baseline, 83 patients (95.4%) were treated in combination with lamivudine, telbivudine, or clevudine. After changing to TDF based regimens 68 patients (78.2%) maintained combination treatments and 19 patients (21.8%) switched to TDF monotherapy. There were 670 patients treated with ETV monotherapy matching the inclusion/exclusion criteria, and we randomly matched these patients with the treatment duration. At baseline, both groups were well balanced in the renal function; creatinine, GFR, albuminuria, and hematuria ([Table 1](#T1){ref-type="table"}). Baseline demographics show that ADV treated patients have more radiological liver cirrhosis and HBeAg positivity compared to ETV treated patients ([Table 1](#T1){ref-type="table"}).

2. Renal events of the ADV-TDF group compared to the ETV group
--------------------------------------------------------------

The median duration of follow-up was 58.0 months (interquartile range, 41.0 to 69.0 months). During follow up, significantly more patients developed GFR decrease over 25% in the ADV-TDF group compared to the ETV group (31.0% vs 14.9%, p=0.01, respectively) ([Table 2](#T2){ref-type="table"}). Creatinine increase over 0.5 mg/dL and phosphorus decrease below 2.0 mg/dL was more frequent in the ADV-TDF group compared to the ETV group, although not significant. Dose reduction was also more frequent in the ADV-TDF group compared to the ETV group (6.9% vs 2.3%, p=0.27, respectively) ([Table 2](#T2){ref-type="table"}).

After analyzing time effects, the ADV-TDF group still showed significantly higher GFR decrease over 25% compared to ETV group (p=0.02 by log-rank test) ([Fig. 2B](#F2){ref-type="fig"}). Creatinine increase over 0.5 mg/dL (p=0.25 by log-rank test) ([Fig. 2A](#F2){ref-type="fig"}) and phosphorus decrease below 2.0 mg/dL (p=0.06 by log-rank test) ([Fig. 2C](#F2){ref-type="fig"}) were not different between the ADV-TDF group and the ETV group. Cox regression analysis revealed no factors associated with creatinine increase over 0.5 mg/dL, the ADV-TDF group versus the ETV group (hazard ratio \[HR\], 2.15; 95% confidential interval \[CI\], 1.10 to 4.18; p=0.02) ([Table 3](#T3){ref-type="table"}) was associated with GFR decrease over 25% after adjusting for decrease of baseline GFR under 90 mL/min/1.73 m^2^. The presence of HCC was the only factor associated with phosphorus decrease below 2.0 mg/dL (HR, 5.65; 95% CI, 2.22 to 14.36; p\<0.01) ([Table 3](#T3){ref-type="table"}).

Liver cirrhosis and HBeAg seropositivity may act as a confounder of renal events. Therefore, we performed univariate cox regression analysis stratified by liver cirrhosis, and HBeAg seropositivity. The Forest plot shows tendency to favor GFR decrease in the ADV-TDF group compared to the ETV group in all subgroups, although it was only statistically significant in the HBeAg negative subgroup ([Fig. 3](#F3){ref-type="fig"}). The lack of statistical significance may be due to the small sample size in the subgroups. We also performed IPW analysis to overcome the difference of baseline characteristics. After balancing the two groups using propensity score, the ADV-TDF group was well balanced to the ETV group ([Supplementary Table 1](#S1){ref-type="supplementary-material"}). Log-rank analysis of the weighted group showed similar results compared to the unweighted group. The ADV-TDF group showed higher risk of renal events compared to the ETV group only in the analysis of GFR decrease over 25% (p=0.047 by log-rank test) ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}).

DISCUSSION
==========

This study aimed to compare the long-term renal adverse event between the ADV-TDF group and the ETV group. We have shown that long-term sequential nucleotide analogue treatment is associated with significant GFR decrease. Although not statistically significant, the ADV-TDF group patients had decreased phosphorus levels compared to the ETV group patients, suggesting that tubular injury might be a possible cause of renal adverse events.

There are limited data regarding the occurrence of renal adverse events of nucleotide analogues in CHB patients. The results of our study suggest there are significant renal adverse events in the long-term nucleotide analogue treated groups, and we need to consider an early switch to other regimens such as nucleoside analogue or the novel nucleotide analogue with less renal events, tenofovir alafenamide.[@ref16]

Complete cure of CHB is thought to be as eliminating closely covalent circular DNA from the liver. There are novel therapies in pursuit for a complete cure, but it is not possible with current treatment regimens. The practical cure of CHB is HBsAg seroclearance, a goal which is possible, but a very little proportion of patients reach.[@ref17] Therefore, most guidelines recommend long-term use of NAs and indefinite treatment in some indications.[@ref13] Previously, in the era of low potency antivirals, the most important problem of NA treatment was the evolution of drug mutations after long-term use of NAs. However, this problem is not an important issue in current high genetic barrier NA treatments such as ETV and TDF. The most important concern of NA treatment is currently long-term complications such as renal adverse events and bone mineral density loss. These complications are well known and studied in HIV infected patients, but there were controversies in CHB patients.

A previous American study compared renal adverse events using serum creatinine increase and GFR decrease between TDF treated patients and ETV treated CHB patients, concluding that there was a comparable risk between the groups.[@ref5] However, the median follow-up of TDF treatment period was only 80 weeks. A recent Turkish multicenter study analyzed a large cohort of antiviral treated CHB patients from 22 centers.[@ref18] This study evaluated renal adverse events till 24 months of follow-up, TDF caused decreased GFR, but the difference was not clinically significant. Another recent Spanish multicenter study followed-up for 49 months evaluating renal functions were stable with TDF and ETV treatment. However, renal adverse events were not the primary outcome of the study.[@ref19]

The strength of this study is the long-term follow-up period of nucleotide analogue treatment of median 60 months. There are very few studies evaluating the long-term toxicities of nucleotide analogues. Studies in HIV positive patients undergoing TDF treatment have shown there is a significant time for the occurrence of renal adverse events. A previous American study has shown that a significant progression to CKD stage 3 occurs between year 4 and year 5 after TDF treatment.[@ref11] The finding of this previous study implies long-term follow-up is mandatory to evaluate renal adverse events.

We merged the treatment periods of ADV and TDF, as the ADV-TDF groups. Renal adverse events of ADV have been studied more than those of TDF. However, as the renal toxicity of high dose ADV treatment is well known, clinicians make timely dose adjustments when treating ADV for CHB patients.[@ref20] A previous long-term study on CHB patients treated by ADV or TDF followed-up for mean 7.4 years.[@ref10] The mean time to onset of renal tubular dysfunction was 49 months with a 10-year cumulative rate of 15%. One study also concluded that TDF has similar renal adverse events regardless of previous ADV treatment.[@ref21] TDF and ADV also share the phenotypes of renal adverse events such as hypophosphatemia and osteomalacia.[@ref10] The two drugs share a similar structure, and the mechanisms of renal toxicities are similar, thereby it is theoretically sound to combine the two different treatments.

The risk factors of renal tubular dysfunction in the treatment of ADV or TDF in CHB patients were old age and low baseline GFR.[@ref10] Other previous studies have found old age, diuretics treatment as risk factors for renal adverse events of antiviral treatment on CHB patients.[@ref22],[@ref23] The data of this study show that only the ADV-TDF group was at a risk of GFR decrease, as more number of patients in this group showed a decrease in phosphorus; tubular dysfunction could be a possible mechanism of the GFR decrease. Presence of HCC was the only risk factor for phosphorus decrease. Cancer itself could cause hypophosphatemia,[@ref24] and chemotherapeutic agents such as sorafenib might also cause hypophosphatemia in HCC patients.[@ref25]

The limitations of this study are the retrospective nature of the design. There were significant differences in baseline characteristics, such as liver cirrhosis, HBeAg positivity, and baseline HBV virus mutations between the two groups. This baseline difference was inevitable from the study design. However, these factors were not associated with renal adverse events in CHB patients in previous studies. We tried to overcome the difference of baseline characteristics by subgroup analysis and IPW analysis.

In conclusion, the ADV-TDF group showed significantly higher renal events compared to the ETV group. Clinicians should be aware of renal toxicity development, and further long-term study needs to be performed.

Supplemental Materials
======================

This research was supported by a grant of the Korea Health Technology R&D Project through the Korea Health Industry Development Institute (KHIDI), funded by the Ministry of Health & Welfare, Republic of Korea (grant number: HI16C1074) and the Daewoong Corporation (grant number: 0620161740 \[2016-1766\]).

**CONFLICTS OF INTEREST**

J.H.Y. has received a research grant from Bayer HealthCare Pharmaceuticals; Y.J.K. has received research grants from Bristol-Myers Squibb, Roche, JW CreaGene, Bukwang Pharmaceuticals, Handok Pharmaceuticals, Hanmi Pharmaceuticals, Yuhan Pharmaceuticals, and Pharmaking, and has received lecture fees from Bayer HealthCare Pharmaceuticals, Gilead Science, MSD Korea, Yuhan Pharmaceuticals, Samil Pharmaceuticals, CJ Pharmaceuticals, Bukwang Pharmaceuticals, and Handok Pharmaceuticals; and S.J.Y. has received a lecture fee from Bayer HealthCare Pharmaceuticals. The other authors declare that they have no conflicting interests.

**AUTHOR CONTRIBUTIONS**

Study concept and design: Y.J.K. Data analysis: Y.Y.C. Data acquisition: Y.C., J.Y.N., H.C. Statistical analysis: Y.C., J.Y.N., H.C. Drafting the manuscript: Y.Y.C. Critical revision: E.J.C., J.H.L., S.J.Y., J.H.Y. Approval of final manuscript: all authors.

![Patient selection.\
TDF, tenofovir; ETV, entecavir; HIV, human immunodeficiency virus; ADV, adefovir.](GNL-14-225-f1){#F1}

![Renal events in the ADV-TDF group compared to the ETV group. (A) Kaplan-Meier curve of the creatinine increase over 0.5 mg/dL. (B) Kaplan-Meier curve of the GFR decrease greater than 25%. (C) Kaplan-Meier curve of the phosphorus decrease below 2.0 mg/dL.\
ADV, adefovir; TDF, tenofovir; ETV, entecavir; GFR, glomerular filtration rate. \*p\<0.05.](GNL-14-225-f2){#F2}

![Univariate analysis of GFR decrease greater than 25% stratified by liver cirrhosis and HBeAg seropositivity.\
GFR, glomerular filtration rate; HBeAg, hepatitis B e antigen; ADV, adefovir; TDF, tenofovir; HR, hazard ratio; 95% CI, confidence interval.](GNL-14-225-f3){#F3}

###### 

Baseline Characteristics

  Characteristic             ADV-TDF group (n=87)   ETV group (n=87)   p-value
  -------------------------- ---------------------- ------------------ -----------------------------------------
  Age, yr                    55.2±11.9              57.8±9.45          0.11
  Male sex                   57 (65.5)              52 (59.8)          0.43
  Diabetes                   9 (10.3)               6 (6.9)            0.41
  Hypertension               8 (9.2)                5 (5.7)            0.38
  Liver cirrhosis            28 (32.2)              65 (74.7)          \<0.01[\*](#t1fn3){ref-type="table-fn"}
  Log HBV DNA                5.7±1.8                5.6±1.3            0.74
  HBeAg negative             22 (25.3)              61 (70.1)          \<0.01[\*](#t1fn3){ref-type="table-fn"}
  Mutation                   85 (98.8)              0                  NA
  Hepatocellular carcinoma   13 (14.9)              16 (18.4)          0.54
  ALT, IU/L                  82.1±132.1             114.3±146.1        0.12
  Creatinine, mg/dL          0.90±0.25              0.87±0.17          0.33
  GFR, mL/min/1.73 m^2^      87.9±21.2              87.3±15.7          0.82
  Albumin, g/dL              4.30±0.38              4.06±0.49          \<0.01[\*](#t1fn3){ref-type="table-fn"}
  Bilirubin, mg/dL           0.98±0.59              1.38±2.73          0.18
  Albuminuria                0.34                                      
  None                       18 (20.7)              21 (24.1)          
  +/--                       6 (6.9)                4 (4.6)            
  1+                         5 (5.7)                1 (1.1)            
  Hematuria                  0.56                                      
  None                       26 (29.9)              20 (23.0)          
  +/--                       2 (2.3)                3 (3.4)            
  1+                         1 (1.1)                3 (3.4)            
  Missing                    58 (66.7)              61 (70.1)          

Data are presented as mean±SD or number (%).

ADV, adefovir; TDF, tenofovir; ETV, entecavir; HBV, hepatitis B virus; HBeAg, hepatitis B e antigen; ALT, alanine aminotransferase; GFR, glomerular filtration rate; NA, not available.

p\<0.01.

###### 

Renal Events

                                  ADV-TDF group (n=87)   ETV group (n=87)   p-value
  ------------------------------- ---------------------- ------------------ ---------------------------------------
  Cr increase by over 0.5 mg/dL   5 (5.7)                2 (2.3)            0.44
  GFR decrease by over 25%        27 (31.0)              13 (14.9)          0.01[\*](#t2fn3){ref-type="table-fn"}
  P decrease below 2.0 mg/dL      13 (14.9)              5 (5.9)            0.05
  Developed CKD stage 4           2 (2.3)                0                  0.49
  Dose reduction                  6 (6.9)                2 (2.3)            0.27

Data are presented as number (%).

ADV, adefovir; TDF, tenofovir; ETV, entecavir; Cr, creatinine; GFR, glomerular filtration rate; P, phosphorus; CKD, chronic kidney disease.

p\<0.05.

###### 

Risk Factors for Renal Impairment in the ADV-TDF Group Compared to Those in the ETV Group

  Variable                             Cr increase over 0.5 mg/dL   GFR decrease over 25%   P decrease below 2.0 mg/dL                                                                
  ------------------------------------ ---------------------------- ----------------------- ---------------------------- --------------------------------------- -------------------- ------------
  Male sex                             0.26 (0.03--2.14)            0.21                    0.59 (3.14--1.10)            0.10                                    0.19 (0.04--0.84)    0.05
  Age                                  1.07 (0.98--1.16)            0.10                    1.02 (0.99--1.05)            0.13                                    1.04 (0.99--1.09)    0.08
  Diabetes                             Failure to predict model     1.61 (0.63--4.14)       0.31                         2.38 (0.69--8.25)                       0.17                 
  Liver cirrhosis                      2.21 (0.43--11.4)            0.34                    0.90 (0.48--1.69)            0.74                                    1.10 (0.43--2.78)    0.85
  Log HBV DNA                          0.86 (0.55--1.32)            0.48                    1.08 (0.88--1.33)            0.44                                    0.84 (0.65--1.11)    0.22
  Hepatocellular carcinoma             2.08 (0.40--10.8)            0.38                    1.83 (0.89--3.77)            0.09                                    5.65 (2.22--14.36)   \<0.01^¢^Ó
  Baseline GFR \>90 mL/min/1.73 m^2^   Reference                    Reference               Reference                                                                                 
  Baseline GFR ≤90 mL/min/1.73 m^2^    0.79 (0.15--4.06)            0.77                    3.67 (1.92--7.00)            \<0.01^¢^Ó                              1.93 (0.63--5.87)    0.24
  ETV group                            Reference                    Reference               Reference                                                                                 
  ADV-TDF group                        2.52 (0.49--13.0)            0.26                    2.10 (1.08--4.10)            0.03[\*](#t3fn2){ref-type="table-fn"}   2.53 (0.90--7.12)    0.08

ADV, adefovir; TDF, tenofovir; ETV, entecavir; Cr, creatinine; GFR, glomerular filtration rate; P, phosphorus; HR, hazard ratio; CI, confidence interval; HBV, hepatitis B virus.

p\<0.05; ^†^p\<0.01.
